Abstract Density estimation of wolves (Canis lupus) requires a count of individuals and an estimate of the area those individuals inhabit. With radiomarked wolves, the count is straightforward but estimation of the area is more difficult and often given inadequate attention. The population area, based on the mosaic of pack territories, is influenced by sampling intensity similar to the estimation of individual home ranges. If sampling intensity is low, population area will be underestimated and wolf density will be inflated. Using data from studies in Denali National Park and Preserve, Alaska, we investigated these relationships using Monte Carlo simulation to evaluate effects of radiolocation effort and number of marked packs on density estimation. As the number of adjoining pack home ranges increased, fewer relocations were necessary to define a given percentage of population area. We present recommendations for monitoring wolves via radiotelemetry.
Estimates of wildlife abundance are cornerstones to understanding and managing wildlife populations. For wolves (Canis lupus), abundance estimates generally are expressed as density based on counts of wolves in a particular area and estimates of the size of that area (Fritts and Mech 1981 , Peterson et al. 1984 , Fuller 1989 , Ballard et al. 1997 . A recurring problem with most studies attempting to calculate wolf densities is a lack of sufficient radiolocations to produce reasonable estimates of the area wolves inhabit annually (National Research Council 1997) .
Wolf density often is estimated from radiotelemetry data (Mech 1974 , Fuller and Snow 1988 ,Thurber and Peterson 1993 , Mech et al. 1998 ). Other than variation in occurrence of lone nonterritorial wolves (Ballard et. al. 1987 , Mech 1987 , Fuller 1989 , Gese and Mech 1991 , determining a count of wolves (the numerator of a density estimate) from radiomarked packs is relatively straightforward (Peterson et al. 1984 , Mech 1986 , Fuller 1989 , Hayes 1995 . However, methods for calculating the population area (the denominator of a density estimate) often are subjective and frequently are not thoroughly described. In contrast, Peterson et al. (1984) devoted an appendix to wolf density estimation on the Kenai Peninsula, Alaska.
Estimates of population area are based on the total area described by the mosaic of wolf territories as determined by radiotelemetry (Mech 1973 (Mech , 1986 Ballard et al. 1987; Fuller 1989) . Most frequently, pack territories are determined by the minimum convex polygon (MCP) method (Mohr 1947, Odum and Kuenzler 1955) , connecting the outermost locations into convex polygons and thereby defining the home range of individual packs (Peterson et al. 1984 , Messier 1985 , Ballard et al. 1987 , Fuller 1989 . Although many other home-range estimators are available (Dixon and Chapman 1980 , Anderson 1982 , Bekoff and Mech 1984 , Worton 1989 and the MCP method, like all popular homerange estimators, is not without its theoretical shortcomings (Boulanger and White 1990,White and Garrott 1990) , the MCP method has been consistently employed for wolf density estimation (Peterson et al. 1984 , Messier 1985 , Ballard et al. 1987 , Fuller 1989 .
Once pack territories are determined, the population area is derived by calculating the area encompassed by the outer boundaries of the territorial mosaic. However, determining the population area requires assumptions about the perimeter of the population area, extra territorial forays or dispersals, territory overlap, and inclusion of areas between pack territories.
Provided that sampling effort is well distributed throughout the period of interest and that home ranges are stationary (Swihart and Slade 1985) , home-range size determined via the MCP method is dependent on sampling intensity and increases asymptotically as the number of radiolocations increases (Fritts and Mech 1981 , Bekoff and Mech 1984 , Fuller and Snow 1988 , White and Garrott 1990 . Therefore, estimates of wolf density likely are inflated when sampling effort is low because the sizes of individual home ranges, and thus population area, are underestimated. Sampling intensity has been evaluated for determining home-range sizes for individual wolves or packs (Fritts and Mech 1981 , Bekoff and Mech 1984 , Fuller and Snow 1988 , Ballard et al. 1998 , and a similar approach can be applied to a group of adjacent home ranges comprising a population area.
The number of wolf packs monitored also influences estimation of population area. With a large number of packs, a large proportion of the population area can be estimated with only a few locations per pack because wolf packs generally are territorial and well distributed across the landscape (Fritts and Mech 1981 , Peterson et al. 1984 , Fuller 1989 , Ballard et al. 1997 . As the number of instrumented packs decreases, the proportion of the population area described by a given radiolocation sampling effort also should decline. Evaluation of the effects of pack sample size on density estimation may be important for comparing annual wolf abundance estimates or the results of different studies. Fuller and Snow (1988:369) provided recommendations for estimating wolf densities with radiotelemetry data, based on their studies of a relatively dense wolf population in northern Minnesota. They suggested that 30-35 radiolocations per pack throughout the winter were sufficient for density estimation because an additional 5 locations resulted in <5% increases in estimates of individual home-range sizes, and this sampling intensity was "enough to determine whether another wolf pack might reside between 2 territories." They went on to recommend that areas "large enough to include a minimum of 4-5 wolf packs" were probably sufficient to estimate wolf density. However, they did not evaluate the interrelationships of radiolocation intensity and the number of packs monitored on density estimation. In northwest Alaska, where wolf densities are smaller and wolf home ranges larger and more comparable to Denali, Ballard et al. (1998) recommended an average of 123 locations to describe 90% of an annual home range. This estimate was based on comparing much more numerous satellite locations to relatively few aerial locations collected over the same time period.
Ongoing studies of wolves in Denali National Park and Preserve, Alaska (Denali), provided an opportunity to evaluate wolf density estimation using radiotelemetry data. One objective of the Denali study was to annually estimate wolf abundance, which entailed monitoring <16 instrumented wolf packs per year and amassing over 5,000 wolf radiolocations during March 1986-April 1996. Further, Denali wolves and their prey occur at substantially lower densities (Mech et al. 1998) than those studied by Fuller and Snow (1988) .
Our objectives were to 1) illustrate the influence of radiolocation effort on wolf density estimates by comparing results based on 1 year and 2 years of radiotelemetry data, 2) investigate the effects of number of radiolocations and number of packs on estimation of population area for wolf density calculations, and 3) provide recommendations for monitoring wolf abundance in lowdensity wolf populations.
Study area
The study area primarily encompassed areas north of the Alaska Range within and adjacent to Denali National Park and Preserve (63 o N, 151 o W; Figure 1 ). The Alaska Range extends northeast to southwest through Denali and was characterized by mountain peaks >3,000 m, glaciers, and glacial valleys. In northeastern Denali the Alaska Range was flanked by lower mountains (<2,100 m) dissected by several major rivers flowing northward and 2 broad fault valleys perpendicular to the major drainages. Permanent snow and ice occurred above 2,400 m, while lower mountains and foothills were covered predominantly by alpine sedge (Carex spp.) and shrub (Salix spp. and Betula spp.) tundras. Treeline occurred at about 800 m, with spruce (Picea spp.) woodlands-forests, tussock (Eriophorum spp.) tundra, and riparian spruce-willow zones below. The western portion of Denali was characterized by the tundra foothills of the Mount McKinley-Foraker massif on the south, extending northward into lowland flats with spruce forests, bogs and many northflowing rivers.
Denali National Park encompassed a multi-predator-multi-prey large-mammal community in which caribou (Rangifer tarandus), moose (Alces alces), Evaluation of wolf density estimation • Burch et al. 1227 Figure 1 . Population area (dark line) and 11 individual pack home ranges (150 locations/pack) used for Monte Carlo simulations to evaluate monitoring strategies for wolves, based on field data from Denali National Park and Preserve, Alaska, 1987 Alaska, -1995 Study area is bounded to the south by ice fields and glaciers of the Alaska Range (shaded areas). and Dall's sheep (Ovis dalli) comprised the main prey for wolves. Denali was home to some 2,000 moose, 3,000-4,000 caribou including those herds adjacent to the park that were within range of Denali wolf packs, and approximately 2,400 Dall's sheep. In addition to wolves, a full complement of predators was present, including grizzly bear (Ursus arctos), black bear (U. americanus), a few coyotes (Canis latrans), lynx (Lynx canadensis), red fox (Vulpes vulpes), wolverine (Gulo gulo), other smaller mustelids, and raptors.
Weather in the region was typical of subarctic montane climate, with temperatures ranging from 32 o C in summer to -47 o C in winter. Annual precipitation at Denali headquarters on the eastern boundary averaged 38 cm of water, including 207 cm of snowfall. Murie (1944) and Mech et al. (1998) provide a more detailed description of the physiography, climate, wildlife, and vegetation of the area.
Methods
We collected data presented here during March 1986-April 1996 as part of a radiotelemetry study of wolves at Denali. The distribution and sizes of wolf packs were monitored by instrumenting wolves with radiocollars and locating them periodically from light aircraft (Mech et al. 1998) . We captured wolves by darting from helicopters, primarily in November, March, and April (Mech et al. 1998) . We radiotracked wolves about every 2 weeks, with additional radiotracking in late September-early October, when we focused on obtaining pack counts, and May-early June, to locate dens. We reduced radiotracking effort from mid-December to mid-January because of limited daylight. Occasionally, we radiotracked some wolves more intensively to meet other study objectives. For the purposes of this paper, we used locations separated by >3 days to maintain consistency among packs and dispersion of location effort throughout the year. We mapped radiolocations on 1:63,360 United States Geological Survey topographic maps and subsequently converted them to Universal Transverse Mercator (UTM) coordinates. We noted any radiocollared companions, and recorded the total numbers of wolves observed. We treated a "location" that included >1 radiocollared wolf as 1 observation (i.e., pack location) when collared wolves were less than 500 m apart.
While we tried to maintain 2-3 collared wolves per pack, the number varied from 1-11 depending on the success of capture attempts, survival of radioed wolves, and other study objectives. To avoid artificially inflating the number of locations for 3 packs in which most pack members were radiocollared to meet other study objectives, we eliminated locations where >4 wolves were collared in those packs. In those cases we treated radiocollared wolves with the shortest tenures in the study that exceeded 4 instrumented wolves per pack as if they were not radioed, and we removed their locations from the dataset when not accompanied by the remaining radiocollared wolves. We radiomarked few nonterritorial lone wolves throughout the study but did not include them in any analyses. There were 3 instances of packs of territorial wolves reduced to single individuals. However, these individual wolves remained territorial within their home range, and we counted them in the totals for each year.
Wolf density estimation
We estimated wolf density annually, in mid-to late-March when packs approached their lowest numbers for the year and snow and adequate daylight provided good sightability from aircraft. For annual grouping of relocations, we used 1 May-30 April as the biological year because pups are born in early May, starting a new annual cycle (Mech et al. 1998) .
The number of wolves, or numerator for density calculations, was the sum of individuals in instrumented packs within the study area. Although nonterritorial lone wolves were reported to average about 10% of winter populations (Fuller et al. 2003) , our sample of radiocollared wolves was biased to nondispersing breeding wolves and did not provide reasonable estimates of lone wolves in the study area. Therefore, our density estimates were for wolves within resident packs only and were conservative estimates of actual wolf abundance in the study area.
To determine the population area, or the denominator for the density estimates, we first determined the MCP for each pack territory. We did not include extra-territorial forays and dispersals by elimination of locations that were notably isolated (>15 km) from other locations for a given pack. These locations consisted of only those wolves known to be dispersing or on an obvious extra-territorial foray and amounted to elimination of an average of only 1 or 2 locations per pack per year. Fuller (1989) used >5 km for a definition of notably isolated locations in Minnesota, where wolf home ranges were much smaller. Peterson et al. (1984) and Ballard et al (1987 Ballard et al ( , 1997 excluded forays and dispersals but did not provide a minimum distance to define them. We evaluated variation in home-range estimates among years via analysis of covariance with year as a main effect and radiolocation sample size for each home-range estimate as a covariate.
Once we determined individual pack territories via MCP, we calculated the population area as the total area encompassed within the perimeter of the mosaic of pack territories using a polygon with some limited concavity between pack MCPs (Figure 1) . Therefore, we included in the population area areas within the territory mosaic too small to harbor an unmarked pack but not included in any pack territory.
We calculated density estimates for Denali wolves utilizing radiolocation data grouped over 2 time periods to illustrate influences of sample size of radiolocations on population area and therefore estimates of wolf density. We calculated density estimates for:
1 year (1YR): Density estimates within a biological year based on that year's radiolocations (e.g., Spring 1990 density estimates based on radiolocations during 1 May 1989 -30 April 1990 Fuller 1989 ; and 2 years (2YR): Density estimates within a calendar year based on 2 biological years of radiolocations (e.g., Spring 1990 based on 1 May 1989-30 April 1991; Mech et al. 1998) .
In some cases, we included packs in the 2YR density estimate that were not part of the 1YR density estimate for a given year because we had information on pack size but did not have location data to estimate a home range for 1 year.
We evaluated the influences of radiolocation effort on these density estimates by separately conducting multiple regression analyses on the 1YR and the 2YR estimates (9 annual estimates each) with independent variables of mean pack size and mean number of radiolocations per pack. We included mean pack size as the attribute of the population most likely to influence density that was independent of sampling effort. We hypothesized that because of their smaller samples of telemetry data, 1YR density estimates would be significantly correlated with radiolocation effort while the 2YR density estimates would not.
Effects of radiolocation effort and number of packs
To evaluate effects of radiolocation effort and number of packs instrumented on estimates of population area, we conducted Monte Carlo simulations that approximated the methods described above for determining the population area and utilized data derived from the field radiolocations. To conduct the simulations, the number of radiolocations had to be equal among packs and substantially larger than that normally available for estimating population area. We identified 11 regions of the study area that were either inhabited continuously by 1 pack (n=5) or consecutively by 2-3 packs (n =6; Figure 1 ). Although shifts in pack home ranges can be difficult to detect (Mech and Boitani 2003) , there were no major shifts among annual territories within these 11 regions. For our simulation, we defined these 11 regions as "pack territories" and combined the 10 years of locations for packs that consecutively inhabited a given region. To standardize the sample size of radiolocations per pack, we systematically reduced each pack data set to 150 points (the maximum available for the pack with the fewest locations and an adequate sample for defining home ranges [Ballard et al. 1998 ]), by randomly deleting points that were <4 days apart, then <5 days apart, then <6 days apart, etc.
To conduct the Monte Carlo simulations, we modified a MCP home-range program in SAS code Garrott 1990, SAS Institute, Inc. 1996) to iteratively calculate population areas encompassed by any number of adjacent MCPs and allow some concavity between individual MCPs (Figure 1) . Allowing for concavity in the population area was primarily necessary because of the slight crescent shape of the Alaska Range along the southern boundary of the study area. We added concavity to the population area polygon by sequentially evaluating each line segment of a convex polygon derived from the vertices of all 11 pack MCPs. If a pair of adjacent vertices of the population polygon were from the same pack, the line segment they formed was included in the final population area boundary. If not, we evaluated nearby vertices of individual pack MCPs for inclusion as additional vertices in the population polygon. For each point evaluated, if the angle formed with the point under consideration placed between the initial pair was >160 o , then we added the point as a vertex of the new concave population polygon. We arrived at the angle criterion of 160 o by trial and error. Once we determined the concave population polygon, we calculated the area of that polygon.
We automated the SAS program to iteratively resample the data set while we varied the number of radiolocations/pack and the number of packs included in the analyses. We varied the number of radiolocations from 5 to 140 radiolocations per pack (5, 10, 20, 30 . . .140) and varied the number of packs from 1 to 11. For each iteration, we randomly selected the specified number of radiolocations without replacement from the 150 locations available for each pack and the appropriate number of packs. For simulations with 1 pack, a pack was selected at random, while for simulations with 2-10 packs the program was constrained to randomly select a group of packs that were contiguous. For every combination of sampling intensity and number of packs, we completed 100 iterations and recorded the population area size and the proportion of the maximum known area (with all 150 locations for the chosen packs) it represented for each iteration. From the 100 iterations, we calculated the mean proportion of the maximum known area, standard deviation, and coefficient of variation.
Results
Our data set included 3,746 locations (from 5,102 total) of 138 radiocollared wolves from 28 packs during March 1986-April 1996 (Burch 2001) . Overall, radiolocation effort averaged 32 locations per pack well distributed throughout each year, but annual radiolocation effort varied from 3-152 locations for individual packs (Burch 2001) . Small sample sizes (<10 radiolocations) resulted from packs instrumented late in the biological year (n = 12), packs that did not persist through the year (n=4), loss of radio contact with packs (n = 2), and packs that were far from our base of operation during a year of limited funding (n = 3). The 2 packs with >100 radiolocations occurred during the first year of the project when few packs were radiomarked and each pack had 3 collared individuals that were frequently apart.
Average radiolocation effort per year ranged from 26-71 radiolocations/pack (Table 1) . Homerange sizes based on 1 year of radiolocations (including 21 home-range estimates derived from <10 radiolocations) averaged 787 km 2 (95% CI = 686-888) and did not vary significantly among years (F 9, 111 =1.40, P=0.195) with variation in sampling effort accounted for. When radiolocation data were combined over 2 years, we averaged 65 radiolocations/pack overall and annual averages ranged from 48-109 radiolocations/pack (Table 1) . Twoyear home ranges averaged 1,134 km 2 (95% CI = 1,003-1,265), or 44% larger than the 1-year home ranges.
Overall, pack sizes averaged 6.9 wolves in spring (Table 1) . Average annual pack sizes were lowest in spring 1987 (4.0 wolves) and highest during spring 1990 (10.6 wolves). On average, mean pack size declined by 24% from October to March by natural attrition, including dispersal and natural mortality. Human harvest had little effect (Mech et al. 1998 ).
Density estimation
On average, 1YR density estimates (x -= 37 loca- tions/pack) were 22%, or 1.4 wolves/1,000 km 2 , higher than 2YR estimates (x -= 65 locations/pack) (Table 1, Figure 2 ). However, differences between the 1YR and 2YR estimates varied widely, with 1994 estimates differing by 66%, or 4.0 wolves/1,000 km 2 (Table 1) . The 1YR densities during 1994 were based on the lowest mean number of radiolocations/pack (26) and involved few packs (8). In 1994 1YR density was the highest calculated for the study (10.1 wolves/1,000 km 2 ), though mean pack size was below average (6.3 wolves). Both 1YR and 2YR density estimates were significantly correlated with radiolocation effort (P = 0.038 and P<0.001, respectively), as determined via multiple regression (Table 2) . While the 1YR estimates were significantly influenced by radiolocation effort, they were not correlated with mean pack size (P=0.174). Further, the regression coefficient for radiolocation effort in the 1YR analysis was 64% greater than that for the 2YR analysis (Table 2) , indicative of the greater influence of radiolocation effort on the 1YR density estimates.
Using the resulting 2YR regression equation, we calculated density estimates by using the grand annual mean radiolocation effort (65 radiolocations/pack) to essentially standardize the radiolocation effort to the mean level over the entire study. The resulting density estimates were scaled directly to mean pack size because it was the only other variable in the regression equations. The most notable effect was to inflate the 1987 density estimate when radiolocation effort was substantially higher than other years and to reduce estimates in 1992 and 1993 when radiolocation effort was low (Table 1, Figure 3) .
Effects of radiolocation effort and number of packs
A substantially greater proportion of the population area was determined at low sample sizes for 11 packs together than for a home range of a single pack ( Figure 4A ). For example, with only 5 locations/pack, the estimate of population area was 63% of the total area (based on 150 locations/pack) for 11 packs, compared to only 10% for a single pack territory. Variability in estimates of population area were also substantially lower for groups of packs than individual pack territories as well Evaluation of wolf density estimation • Burch et al. 1231 Table 2 . Results of multiple regression to determine relationships between wolf density (wolves/1,000 km 2 ), mean pack size (MPS), and radiolocation effort, or mean locations per pack (MLOC), for density estimates based on 1 or 2 years of radiolocation data from Denali National Park and Preserve, Alaska, during 1987 Alaska, during -1995 ( Figure 4B ). For 11 packs 60 locations encompassed 90% of the total area ( Figure 4A ) and the area increased <1% with an additional 5 locations ( Figure 5 ).
Location-area curves for intermediate numbers of packs fell between the relationships for a single pack and the entire population of 11 packs ( Figure  4A ). As the number of packs increased, the proportion of the total area estimated for a given radiolocation effort increased but differed little for >6 packs. Therefore, achieving a threshold of the proportion of the population area determined ( Figure  4A ) or of the benefit of additional radiolocations ( Figure 5 ) required fewer radiolocations as the number of packs increased up to about 6 packs.
Discussion
Although there has been substantial analysis and discussion of the effects of radiolocation effort on home-range estimation for wolves (Bekoff and Mech 1984 , Peterson et al. 1984 , Fuller 1989 , Ballard et al. 1998 , no one has broached the subject for density estimation. Fuller and Snow (1988) provided recommendations for estimating density (30-35 radiolocations per pack per winter), but their recommendations were based on the potential for missing wolf packs within the population area and the diminishing returns of additional radiolocations in determining pack territories. The number of locations we acquired in an average year were comparable to the recommendations of Fuller and Snow (1988) , and our resulting wolf densities were significantly influenced by radiolocation effort. Densities based on about twice the radiolocations were 22% lower on average and still affected by radiolocation effort, but the influences were reduced. The effects of sampling we describe may be lower in the Denali study because much of the southern boundary of the population area was determined by high mountain habitats unsuitable for wolves or their prey, forming a relatively fixed southern boundary for our population area. Sampling effects could be greater in areas of continuous wolf habitat.
Density estimation also can be influenced by number of packs monitored. From our analysis, 6 packs appeared to be the threshold where addi- 
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tional monitoring effort was no longer necessary to compensate for small numbers of adjacent packs.
Effects of inadequate radiolocation effort on density estimates may be more pronounced in low-density wolf populations, such as those in Alaska and northern Canada (e.g. 6.1 wolves/1,000 km 2 ; this study) as compared to the much higher densities found elsewhere, such as Minnesota (e.g. 33 wolves/1,000 km 2 ; Fuller 1989). In general, territory size is inversely related to prey abundance (Fuller et al. 2003) . When prey densities are low, wolves must travel over larger areas, resulting in territories that can require several days for wolves to traverse. In contrast, where prey occur at high densities, territories are small enough to be easily crossed in a day or less (Mech 1970 (Mech , 1994 . Furthermore, territories in areas of low prey density are more likely to include regions used by wolves only seasonally in response to migratory prey (Stephenson and James 1982 , Clarkson and Liepins 1991 , Ballard et. al. 1997 .
Outlying locations representing extra-territorial forays by packs usually are excluded when determining wolf pack territories (Peterson et al. 1984; Ballard et. al. 1987 Ballard et. al. , 1997 Fuller 1989) . Therefore, criteria established for identifying these locations will influence population area estimates for density calculations. In our modeling we eliminated obvious extra-territorial locations from the data set we used but did not consider extra-territorial movements in our simulations. At low sampling levels, the increased likelihood of erroneously classifying locations as extra-territorial would result in further underestimation of population area compared to our simulation results.
Although our results point to maximizing number of packs and number of radiolocations/pack, we did not address the issue of overlap with surrounding packs that were not included in the density estimate. Based on the above analyses, as radiolocation effort increased, population area also increased and estimated density declined. However, if overlap also increased with other adjacent wolf packs not included in the count of wolves for the density estimate, then this source of error would counteract the radiolocation effort error to some unknown degree.
Lone wolves are another source of error in estimating wolf density. In this analysis, we ignored lone nonterritorial wolves, and resulting density estimates of wolves in resident packs must be considered conservative. Estimating the number of lone wolves in a given population is difficult, if not impossible. Reports of estimates of lone wolves average 10-15% of a wolf population in winter and are generally from studies where wolves were livetrapped for radiocollaring (Fuller et al. 2003) . However, it is often difficult to determine how these estimates were derived. It is tempting to use the proportion of radiocollared wolves in this category as an estimate of lone wolves; however, captures likely are biased toward resident animals, particularly where helicopter darting is employed, and residents are more likely to persist in the population. Further, the pool of lone, nonterritorial animals is highly labile. The few lone wolves radiocollared in this study tended to travel widely through the study area for a short time of a few days to a few months, then either left the area never to return, were killed by resident wolves, joined an existing pack, or paired with another wolf to become resident in the population.
There are several practical constraints on acquiring adequate radiolocation data for wolf density estimation, particularly in areas with low-density wolf populations. In these regions, study areas encompassing an adequate number of packs tend to be large and remote, and therefore radiotracking efforts are expensive. Weather and pilot or aircraft availability further limit radiolocation efforts. It is uncommon for studies in these regions to exceed 40 locations per year. While addressing some study objectives may result in accumulation of many locations during short time intervals (e.g., kill rate estimation via daily radiolocation; Ballard et al. 1997) , these locations tend to provide less information on territory delineation than those well distributed Evaluation of wolf density estimation • Burch et al. 1233 Figure 5 . Thresholds of radiolocation effort at which an additional 5 locations per wolf pack would result in the specified (1-5%) increase in population area, based on Monte Carlo simulations of wolf telemetry data, Denali National Park and Preserve, Alaska, 1987 Alaska, -1995 throughout the year (White and Garrott 1990) . Accumulating locations over longer periods, as we did for our 2YR density estimates, is an appealing solution, but shifts in pack boundaries can also result in overestimating population area. Estimating wolf density via radiotelemetry presents a conceptual dilemma in that the temporal scale of the numerator, an estimate of wolf numbers at a particular point in time, is quite different from the temporal scale of the denominator, or population area. To estimate population area, we require sufficient time for wolves to travel throughout their territories and adequate radiolocation effort to delineate those movements.
As a part of this study, Burch (2001) attempted to estimate the "true" population area, or asymptote of the area-observation curve, and associated variation via bootstrapping and nonlinear regression. However, estimates of the asymptote were similarly biased high regardless of sampling effort and precision was poor. Further efforts to evaluate error in estimating population area would be worthwhile. Ballard et al. (1998) produced similar area-observation curves from satellite telemetry data and also reported large variability in home-range size. If such widely variable home-range size commonly exists in most populations of wolves, any effort to predict true home-range size from inadequate data will likely produce results with such large variability as to not be meaningful.
An alternative that may alleviate problems with using density estimates to compare trends within wolf populations is to use mean pack size instead. Mean pack size is the variable with the primary influence on wolf density that is not affected by radiolocation effort, at least above the minimal threshold required to adequately enumerate pack sizes. In saturated populations where the number of packs and the area they inhabit did not change appreciably among years, mean pack size should provide an index of population trends. However, mean pack size cannot be used to compare among different wolf populations because similar mean pack sizes may correspond to widely different densities throughout the geographic range of wolves. For example, densities may differ nearly 10-fold between interior Alaska and northern Minnesota (Mech 1973 , Fuller 1989 , Mech et al. 1998 ), but mean pack sizes can be similar.
With the advent of satellite telemetry (Ballard et al. 1995 (Ballard et al. , 1998 and Global Positioning System (GPS) collars (Moen et al. 1996 , Rodgers et al. 1996 , accumulating large samples of frequent and regularly scheduled radiolocations without the constraints associated with aerial radiotelemetry has become possible. This technology comes at a price, however, with satellite and GPS collars costing >10 times that of a conventional radiocollars. Further, >1 wolf should be instrumented per pack because of the high turnover of individuals in most wolf populations (Mech et al. 1998) . Most GPS collars of acceptable size store location data onboard, and the collar must be retrieved to acquire the data, although collars that download GPS-derived locations via the ARGOS satellite system are now available. Wolves with GPS or satellite collars still need to be located from aircraft to determine pack sizes for estimating density, although not as often. Efforts are now underway to utilize this technology (GPS with ARGOS download) on a long-term basis in an attempt to reduce the overall costs of monitoring a wolf population (J.W. Burch, National Park Service, unpublished data).
Management implications
Radiotelemetry probably is the most common method used to monitor wolf populations throughout North America. Although this approach may have many advantages over other methods, it is still crucial to recognize study-related factors that influence results and to keep these factors in mind when designing monitoring programs or comparing studies. The following recommendations are provided to improve future efforts to estimate wolf density via radiotelemetry:
1. Density estimates should be based on sufficient radiolocations/pack to minimize influences of sampling effort. Because it can be difficult and expensive to get an adequate sample of locations in a year, it may be necessary to combine data over years. However, investigators must keep in mind that shifts in pack territories over the longer time scale can result in underestimating wolf density. Even with radiolocation effort of 60 locations per pack, density estimates were significantly influenced by radiolocation effort. 2. Recognize the tradeoffs between the number of packs and the radiolocation effort. Under most situations, at least 6 adjacent packs should be monitored to adequately determine density. If fewer than 6 packs are monitored, additional relocations should be planned.
Maintain consistent radiolocation effort among years or evaluate differences via regression.
Variation in radiolocation effort among years is bound to happen and can result in differences in density estimates that are not indicative of the wolf population being monitored. If density estimates are significantly correlated with radiolocation effort, then regression may be useful to standardize density estimates to a common level of radiotracking effort. If radiolocation effort is variable among years, mean pack size may be an alternative population index where the number of packs and homerange size and distribution have remained relatively constant. 4. When reporting wolf densities, thoroughly describe the methods, assumptions, and radiolocation effort so others can evaluate the results. It is important to report the number of locations/pack, the number of packs involved, and a thorough description of methods and assumptions for estimating the population area. We currently lack an objective measure of precision of wolf density estimates and must rely on adequate descriptions of methodology.
Consider employing GPS or satellite collars.
These devices can produce substantially more location data than conventional aerial radiotracking allowing the number of radiotelemetry flights to be reduced to only those needed for adequate pack counts. Remember, the success rate of GPS collars can vary depending on the constellation of GPS satellites, as well as the vegetative cover and terrain.
